electronic properties [3] [4] [5] [6] . A key spectral region for these materials is 1 -100 meV, encompassing proposed exciton binding energies that determine charge photogeneration efficiency 7, 8 , carrier scattering rates governing charge transport, and lattice vibrations whose role in screening the exciton remains controversial 9, 10 . In this work, we apply time-resolved multi-terahertz spectroscopy to probe photoexcitations over this entire spectral range in single crystal CH 3 NH 3 PbI 3 with sub-100 fs resolution. We observe ultrafast dynamic screening of lattice phonons by free charges with remarkably high charge mobilities of 500-800 cm 2 /Vs. Optical pumping at the band edge, where exciton dissociation occurs purely through coupling to the thermal bath, reveals an exciton binding energy of 49 ± 3 meV. At high photon flux, a dynamic exciton Mott transition is observed as mobile charges screen the insulating exciton gas leading to dissociation into a conducting plasma on a sub-1 ps time scale. Our measurements pave the way for a new understanding of fundamental excitations in this material, providing a direction toward optimization of this promising class of solar cells.
The overall power conversion efficiency of organo-metal halide perovskite solar cells has climbed to 20.1% in a span of only three years 11, 12 , the fastest rate of increase compared to all other solar cell technologies. This fast pace in device development has been matched by an effort to understand the intrinsic charge generation, recombination and transport properties of these materials. Among the key questions remaining are the exciton binding energy 7, 8, 10 , the exciton/free charge generation dynamics 7, 13 , the energetics of lattice excitations and their role in exciton dissociation 10, 14 . Time-resolved terahertz spectroscopy (TRTS) is a powerful technique to probe these low energy excitations immediately after photoexcitation on femtosecond time scales 15 . Previous THz studies on the trihalide and mixed halide perovskites have focused on frequency-averaged THz absorption, probing energies below 10 meV 8, 13, 16 . These measurements on thin film samples have placed initial lower limits on the mobility, shown suppressed bi-molecular recombination, and indicated the role of the exciton binding energy in the generation of free charges on a ∼ 2 ps time scale 13 . Here we perform complete energy and time-resolved ultra-broadband THz spectroscopy in the 8-100 meV spectral range with 40 fs temporal resolution after photoexcitation on a single crystal of the hybrid metal halide perovskite CH 3 NH 3 PbI 3 . Photoexcitation at the band edge probes the kinetics of mobile charge generation via dissociation of excitons without the influence of injected excess kinetic energy. Our data reveal the generation dynamics and quantum yields of free charges via thermal dissociation governed by an exciton binding energy of 49 ± 3 meV. We further observe remarkable carrier mobilities that reach as high as 800 cm 2 /Vs on ultra-short time scales, and the dynamic screening of the exciton at high photon flux. 2#556" in the corresponding Fourier amplitude spectrum in Fig 1(c) . While the reflected pulse retains all incident Fourier components with noticeable dispersion, E trans (t) is strongly chirped with no spectral components below 25 meV due to absorption and reflection arising from an infrared active phonon and dielectric relaxation of the CH 3 NH + 3 cation 17 . The change of amplitude and phase of the THz pulse after transmission provides the complex dielectric functionǫ(ω) = ǫ 1 (ω) + iǫ 2 (ω)
via inversion of the Fresnel equations, and is shown in Fig. 1 
(d). The spectra is dominated by an
Pb-I bending mode at ∼ 8 meV previously observed in Raman and THz spectroscopy 18, 19 . In addition, a broad GHz dielectric contribution has also been identified from microwave measurements due to the relaxation of the CH 3 NH Below 40 meV near resonant with the exciton binding energy, however, ǫ 1 (ω) is quite dispersive.
The dynamics of exciton-phonon coupling should therefore be considered when discussing the appropriate dielectric function 17 .
We now turn to the time-resolved THz spectra after photoexcitation. The reference multi- 
at a given pump-probe delay time τ p is measured at variable delays producing the two-dimensional time-domain data set shown in Fig.   2(b) . The Fourier amplitude of the modulated field in quasi-equilibrium is given in Fig. 1(c) ,
showing spectral information is obtained between 8 -80 meV. The significant phase shift compared to the reference pulse indicates a strong change in the dispersion after charges are photo-injected into the crystal. This is a signature of injected mobile charges screening the lattice from the applied field, within the pump pulse penetration depth of 1 µm in the crystal 20 . The amplitude of the ∆E(t,τ p ) response signifies the onset of photoconductivity in the sample, and reaches its maximum within 400 fs after photoexcitation, seen in the constant τ p waveforms in Fig. 2(c) . We note that this is 10 times the temporal resolution of our technique and thus mobile carriers are not generated instantaneously but rather through exciton dissociation 8 .
The corresponding spectral amplitude and phase of the pump-induced change in THz re- Fig. 3 (a) and (b), respectively for pump-probe times from 0 -400 fs at a pump fluence of 80 µJ/cm 2 . The data can be understood by the analytic formula 15 :
whereσ = σ 1 + iσ 2 is the complex ac photoconductivity,ñ = n + iκ is the complex crystal index of refraction andr 0 is the complex crystal reflection coefficient given byr 0 = (1 −ñ)/(1 +ñ). In the absence of photoconductivity, ∆r(ω) = 0 as well as in the limit for a highly reflective crystal with n >> 1 where r 0 → −1. Fig. 3(c) shows the complex index of refraction of the crystal used by injected mobile charge carriers is responsible for the large ∆r response observed in Fig. 3(a) , and by Kramers-Kronig the corresponding phase change in Fig. 3(b) . By inversion of Eq. 1, the completeσ(ω, τ p ) spectra can be extracted in temporal slices following photoexcitation, revealing the underlying ultrafast charge transport characteristics.
An example of theσ(ω, τ p ) spectrum recorded at τ p = 1 ps after excitation is shown in Fig. 3(d) by inversion of Eqn. 1. The data is very well described by a simple Drude model
, where n D is the mobile charge density and τ is the momentum scattering time determining the charge carrier mobility through the relation µ = eτ /m * with m * = 0.2m e being the charge carrier effective mass 22 . The Drude response confirms the band nature of transport in the single crystal CH 3 NH 3 PbI 3 as opposed to charges in a disordered film where hopping conductivity occurs. The scattering time τ can be estimated simply by the crossing point of σ 1 and σ 2 , occurring at an energy E c = h/(2πτ ) ≈ 10 meV. This provides an estimate of τ ∼70 fs corresponding to a remarkably high µ ∼ 620 cm 2 /Vs for a solution processed semiconductor. This measurement represents the highest mobility observed in these materials to date although recent improvements in grain size and large crystal fabrication have seen µ on the order of 150 cm 2 /Vs. 4, 5 Moreover, the amplitude of the photoconductivity directly yields the mobile carrier density n D ≈ 3.3×10 17 cm −3 , estimated by the Drude dc limit σ dc = n D eµ. The mobile charge carrier generation efficiency is given by n D /n ph ≈ 12% where n ph = 2.9 × 10 18 cm −3 is the absorbed photon density given the pump fluence of 80 µJ/cm 2 and the 10% reflection of the pump at 795 nm 23 . This result is consistent with the expected result of the Saha-Langmuir equation, 7 where a mobile carrier yield of 13% is expected given a 50 meV exciton binding energy at 293 K and an exciton effective mass
The results of global fitting of the Drude model to the complete two-dimensional timefrequencyσ(ω) maps, fitting both real and imaginary components simultaneously, are shown in Fig. 4 . The dynamics of the mobile charge generation efficiency for two pump fluences is shown in Fig. 4(a) , exhibiting a slight transient enhancement for τ p < 10 ps at the lower fluence. The Saha-Langmuir equation accounts for this behaviour predicting a decrease in efficiency to 10% for the elevated fluence due to the greater probability of electron-hole binding 7 . The remaining ∼ 90% of excitations, however are bound excitons that are unable to screen the lattice directly due to their charge neutrality. If pump photons excite carriers above the band edge, however, exciton dissociation will be influenced by the initial excess kinetic energy, providing higher mobile charge yields.
The goal of this study, however, is to probe the energetics of thermal dissociation governed solely by the exciton binding energy and so we leave this to future work. The mobility is also extracted through the Drude fits as µ = eτ /m * and is found to be relatively fluence independent, as shown in Fig. 4(b) . A ≈ 20% decrease is observed in carrier mobility on a sub-picosecond time scale, which we conjecture could be due to the charging of trap states or some charge-mediated phonon scattering mechanism. Despite the slight reduction in the transient mobility, the steady-state mobility of n(ω)
Probe energy (meV) The induced mobile charges, however, should also screen the exciton as discussed in a recent observation of band filling effects 24 , and so one expects more efficient generation at very high carrier densities. The critical Mott density that defines the threshold for the efficiency of this screening, however, has been estimated at n crit ≈ 1 × 10 18 cm −3 , nearly an order of magnitude higher than densities in Fig. 3 . To investigate the effects of charge screening of the exciton, a twodimensional data set was taken at F= 810µJ/cm 2 with the |∆r(ω)| map shown in Fig. 4 we conclude that the 12 meV peak is due to an intra-excitonic orbital transition given the binding energies for trap states have been recently estimated to be much larger, on the order of 100 -400 meV from the band edge. 25 We note if excitation into trap states was the dominant photoexcitation at the band edge, one would not expect a Drude conductivity spectrum but rather a conductivity which is activated at a characteristic frequency. Even if the quantum efficiency reaches 4.5%
predicted by the Saha-Langmuir equation at this elevated fluence, n D ≈ 1.3 × 10 18 cm −3 which exceeds n crit . In this regime, one expects all excitons are dissociated forming an uncorrelated plasma. The disappearance of the 12 meV peak is therefore due to the dynamic screening of the injected exciton population as the free charge density increases beyond the critical Mott density on a sub-picosecond time scale.
In conclusion, we have performed optical pump -multi-THz spectroscopy in the energetically relevant 8 -100 meV spectral region on a single crystal lead halide perovskite. Our spectra reveal the dynamic screening of infrared active phonons and background Debye relaxation of the
cation, due to the photogenerated free charge population. Sub-picosecond conductivity spectra directly reveals free charge densities and remarkably high mobilities of ∼ 800 cm 2 /Vs on sub-picosecond time scales. Charge generation proceeds via exciton dissociation which is complete after 1 ps, with quantum yields of free carriers governed by a 50 meV binding energy. A 12 meV signature of the exciton is observed, dynamically screened on a time scale comparable to the generation of mobile carriers and at a carrier density consistent with the excitonic Mott transition.
Methods
Sample preparation Single-crystals of CH 3 NH 3 PbI 3 suitable for characterization were grown from a solvent mixture comprising of aqueous HI (57% w/w, 5.1 mL) and aqueous H 3 PO 2 (50% w/w, 1.7 mL). In a typical procedure, a 20 mL scintillation vial was charged with the colorless solvent mixture and heated to boiling (ca. 120 of rhombic dodecahedral crystal habit were obtained after 2 weeks with crystal sizes ranging from 1-4 mm among several batches, with the size of the crystals being inversely proportional to the number of the initial crystal seeds. The crystals were collected manually by decanting the mother liquor, pressed dry with a soft filtration paper and thoroughly dried under a stream of N 2 gas.
Characterization The 795 nm, 40 fs pulse output of a Ti:sapphire regenerative amplifier is split into three beams. Charge carriers are injected the pump beam resonant with the band edge at 1.56 eV to minimize initial excess energy, thereby suppressing direct exciton dissociation through this channel 26 . The penetration depth of the pump pulse is taken to be 1 µm determined by thin film absorption, and it is assumed this is the same for a single crystal. Phase stable THz pulses are generated via a two-colour laser plasma in dry air and the electric field is directly detected after reflection off the crystal facet by an air-biased coherent detection scheme with 30 THz bandwidth 15 . Both E ref (t) and ∆E(t,τ p ) are measured simultaneously through a double modulation scheme, required to minimize the influence of systematic timing variations. All measurements were performed under dry air environment and no evidence of oxidation was observed during the experiments. The background complex refractive index of the crystalñ(ω) = ǫ(ω) and the dielectric functionǫ(ω) is given by the Lorentzian phonon and Debye components
The high frequency dielectric function ǫ ∞ = 5.5 determined from transmission measurements in Fig. 1(b) and the Pb-I bending mode ω 0 /2π = 1.96 THz and the Debye relaxation time τ D = 2.5 ps. The spectra were found to be relatively insensitive to the phonon relaxation rate, set to a reasonable γ = 0.1 THz. The Saha-Langmuir equation, used to determine the exciton binding energy from the x = n D /n phot ratio, is defined as 7 :
